• Here we examine the effects of increased nitrogen (N) supply on the ectomycorrhizal fungal communities of a temperate oak savanna.
Introduction
Nitrogen (N) deposition has increased across a large number of temperate-deciduous ecosystems dramatically affecting plant growth and nutrient cycles (Vitousek et al ., 1997; Fenn et al ., 1998; Kochy & Wilson, 2001) . However, the impact of N addition on ectomycorrhizal fungal communities is uncertain in these ecosystems. Since ectomycorrhizal fungi (EMF) exchange nutrients extracted from soil for carbohydrates delivered by plant roots, increased soil N supply may affect host plant-EMF interactions in any ecosystem by altering the abiotic soil environment (Lilleskov et al ., 2002a) or by changing how plants allocate resources to roots (Treseder & Allen, 2000) .
Recent studies confirm that communities of EMF in coniferdominated ecosystems are sensitive to the effects of N increase. Increased N leads to a decrease in total production and richness of ectomycorrhizal sporocarps above-ground and to shifts in the composition of ectomycorrhizal fungal communities colonizing roots along atmospheric N deposition gradients in Alaska and Europe Lilleskov et al ., 2001 Lilleskov et al ., , 2002a and in experimentally fertilized conifer forests Fransson et al ., 2000; Jonsson et al ., 2000; Peter et al ., 2001) . However, it is not clear if EMF in temperate deciduous ecosystems respond similarly to increased N supply. Two studies conducted in deciduous forests examined the response of EMF to increased N but were limited in scope and somewhat contradictory. Ectomycorrhizal fungal communities associated with oak in urban soils affected by high N deposition were less diverse in comparison with those associated with oak in rural soils (Baxter et al ., 1999) . However, ectomycorrhizal fungal communities in European beech forests were equally diverse along a N deposition gradient . Both of these studies, however, only examined EMF on roots morphologically, and may have underestimated the diversity at these sites because molecular techniques were not employed (Horton & Bruns, 2001) . Furthermore, these studies examined sites along complex gradients, therefore differences in the composition of ectomycorrhizal fungal communities could not be attributable solely to N deposition.
The objective of this study was to examine the impact of increased N supply on communities of EMF found in a temperate deciduous ecosystem using molecular and morphological based methods of species identification. In order to examine the effects of N supply and minimize concomitant changes in pH or other soil nutrients that can be caused by N addition (Fenn et al ., 1998) , our approach was to alter N availability experimentally by fertilization while controlling to the extent possible for soil acidification, base cation loss and P limitation. We used this approach in a temperate oak savanna, a N-limited ecosystem harboring abundant and diverse EMF. We hypothesized that increased N affects EMF abiotically by changing soil nutrient supply and /or soil chemistry and biotically by altering the quantity and quality of root resources that host-plants allocate below ground. Since EMF vary in respect to changes in both abiotic and biotic impacts of N addition (Smith & Read, 1997; Lilleskov et al ., 2002b) , we made five predictions related to this hypothesis. If fewer species of EMF are adapted to high N supply in N-limited ecosystems species richness should be lower with N addition. An increase in N supply may also affect competition by EMF for roots such that the number of roots colonized by different EMF species changes disproportionately resulting in decreased evenness. If both richness and evenness decrease with increased N Shannon and Simpson diversity would decrease and rankabundance distributions (as measures of the proportions of dominant, subdominant and rare EMF) would be shorter and steeper. Since EMF vary in response to N, we also expected that the species composition of ectomycorrhizal fungal communities should differ between fertilized and unfertilized treatments.
We measured the diversity, structure and composition of EMF communities in a field fertilization experiment established in 1983. In this paper, we focus on the relationships between EMF communities and the abiotic soil environment and above ground vegetation. Responses of plant roots and their relationship to EMF are addressed elsewhere (P. Avis, unpublished).
Methods

Site characteristics
Oak savanna description This study took place in a native oak savanna at the Cedar Creek Natural History Area (Cedar Creek), a US National Science Foundation Long-Term Ecological Research Site, on the Anoka Sand Plain in eastern Minnesota, USA (45 ° 25 ′ -N, 93 ° 10 ′ -W ). The oak savanna consists of ectomycorrhizal host trees, bur oak ( Quercus macrocarpa Michaux) and pin oak ( Q. ellipsoidalis E.J. Hill), growing on infertile, very well drained, fine to medium sands of the Sartell (Typic Udipsamment) series (Grigal et al ., 1974) . These trees are interspersed by tall-grass prairie plants such as Andropogon gerardii Vitman, and, in some locations, by a third EMF host plant, Corylus americana Walter. At this study site, the savanna is maintained by prescribed burns two of every 3 yr (Reich et al ., 2001) . The bur oaks are c. 50 -150 yr old, but the pin oaks are generally younger, 35 -70 yr old. Mean annual temperature is 6 ° C and mean annual precipitation 79 cm with the majority occurring from May to September The average annual inorganic N wet deposition from 1999 to 2001 was 0.53 g m − 2 (National Atmospheric Deposition Program 2003).
Experimental fertilization This study takes advantage of a long-term fertilization experiment that began in 1983 (Tilman, 1987) . Nine plots 20 m wide and 50 m long were placed across this savanna and randomly assigned to one of two fertilizer treatments or unfertilized control. Unfertilized 1 m boundary areas separated adjacent plots. The fertilizer treatments include two levels of nitrogen: 5.4 and 17.0 g N m − 2 yr − 1 added as NH 4 NO 3 (commercial 34-0-0) 'slow release' pellets. To offset indirect effects of N addition, each fertilization treatment also received equal background levels of P, K, Ca, Mg, S and citrate-chelated trace metals applied in the following forms and rates: P 2 O 5 , 20.0 g m − 2 yr − 1 (as commercial 0-46-0 fertilizer); K 2 O, 20.0 g m − 2 yr − 1 (commercial 0-0-61 (Tilman, 1987) . Control plots remained unfertilized. Fertilization occurred twice annually in early May and in late June Soil analyses As an indicator of N availability, extractable inorganic N and net N mineralization was measured in situ in 1995 and 1998-2002 within each plot in a parallel study of N cycling (M. Norris, unpublished). For other soil attributes, soil was collected in August of 2001 at or near sampling locations for EMF colonizing roots (see EMF community measures). These soils were dried and sieved before the following analyses. pH was measured by water slurry method (Robertson et al., 1999) . Phosphate was measured as extractable Bray P-1 and levels of soil cations (K, Ca, Mg, Na) were measured by inductively coupled plasma atomic emission spectroscopy of 1  NH 4 OAc dry soil extractions at the Research Analytical Laboratory of the University of Minnesota (Dahlquist & Knoll, 1978) .
Above ground plant community analyses In 2000, the cover and species composition of understory vegetation was surveyed in eight one by 0.5 m subplots per plot by assigning each species rooted in the subplot to a cover class (P. Reich, unpublished) . Tree density and diameter at breast height of all trees was recorded in August 2000.
EMF community measures
To characterize the responses of EMF communities, we used a combined approach of first surveys of above-ground reproductive structures (referred to as 'sporocarps'), second morphotype analysis of EMF colonizing roots (i.e. 'morphotyping ' Goodman et al., 1996; Agerer, 1987-96) , and third molecular methods (PCR-RFLP and sequencing). Ectomycorrhizal root collection at focal trees In each plot, four bur oaks (at least 25 cm d.b.h and 95 yr old) per plot were randomly selected as 'focal trees'. Where possible, trees less than 1 m from the boundaries of fertilized plots were not included in order to minimize edge effects. Near the base of these focal trees, ectomycorrhizal roots were collected on 8 August 2000 and again on 31 July 2001 using a soil corer (2.8 cm × 20 cm). A single soil core was taken 1 m from the base of each tree in each cardinal direction. These four cores per tree were merged to provide a single sample per focal tree (Gehring et al., 1998) . Thus, each plot had one composite sample from each of four trees for a total of four samples per plot per year. Samples were collected and immediately placed in a cooler and kept at 4°C until analysis.
Sporocarp surveys
Morphological and molecular identification of EMF The abundance of EMF was determined first by sorting roots colonized by EMF into morphological groups ('morphotypes') and second by molecular analysis of each of the morphological groups. If multiple tips of the same morphotype were different based on PCR-RFLP analysis the number of tips colonized was divided proportionally among the various RFLP types found (following the method of assignment in Taylor & Bruns, 1999) .
Initially, it was not known how long sample EMF on roots at Cedar Creek would last before senescence would degrade fungal DNA to a point not usable for molecular analysis. Therefore, to ensure that at least a minimum number of tips would be available for DNA analysis, a preliminary examination of these samples occurred within 2-3 d after field sampling (similar to Gehring et al., 1998) . To do this, half of each composite soil sample was washed over a 2-mm sieve and roots were carefully rinsed and floated in a Petri dish. From each sample 10 random root tips were examined morphologically on the basis of simple ectomycorrhizal root surface features (shape, presence of rhizomorphs, texture and color). Each of these 10 tips were individually placed in separate 1.5 ml microtubes with a drop of deionized water, frozen in liquid nitrogen, and lyophilized. Upon completion of this preliminary examination, a more thorough examination of 100 more root tips from the other half of the composite sample was conducted. After root extraction as above, segments of oak roots colonized by EMF were randomly selected and 10 consecutive tips from each segment were counted. Each of these 100 root tips was placed into a morphological group based on closer examination of microscopic surface features of the mycorrhizal root tip in addition to surface features described above. A subset of each of these groups was preserved on glass slides in lacto-glycerol (Goodman et al., 1996) for reference. Another subset of each morphotype group was preserved as above for molecular analysis. We used this sampling strategy in both years.
DNA from each of the preserved tips was extracted by a standard CTAB method (Gardes & Bruns, 1996) for samples collected in 2000. In 2001, a novel, more efficient method utilizing a plant DNA extraction kit (REDExtract-N-Amp Plant PCR Kit, Sigma, St. Louis, Missouri, USA) was utilized. Extraction followed the manufacturer's protocol with the following modifications: first 10 µl of extraction and dilution solutions were added to each tip rather than the suggested 100 µl; second each tip was broken into at least two pieces using a pipette tip when adding the extraction solution ensuring that the solution soaked into the tissue.
Internal transcribed spacer (ITS) regions of the extracted DNA were amplified using the fungal-specific primer combination of ITS1-F (Gardes & Bruns, 1996) and ITS4 (White et al., 1990) . For the samples collected in 2000, TakaraTaq (Takara Shuzo Co, Otsu, Shiga, Japan) and the supplied 10× buffer and dNTP's were used. For samples collected in 2001, the PCR mix supplied with the REDExtract-N-amp kit was used. This PCR mix includes Taq enzyme, hot start TaqStart antibody, and dNTP's. The final concentration of the primers was 1 µ in both years. The thermocycling program followed Gardes & Bruns (1996) . PCR products were checked on a 2.0% SeaKem (FMC BioProducts, Rockland, Maine, USA) agarose gel run at 85 V.
Successful amplifications were then digested using the restriction enzymes Hin f I, Dpn II and in several cases Alu I (New England Biolabs, Inc., Beverly, MA, USA). Restriction digests were run on 2.0% NuSieve (BioWhittaker Molecular Applications, Rockland, Maine, USA) agarose gels at 85 V for 2 h.
Restriction fragment patterns were measured using IP Laboratory Gel 2.0a (Signal Analytics, Vienna, Virginia, USA) and compared manually and using GERM (Dickie et al., 2003) . Samples that had the same Hin fI and Dpn II patterns were in several cases then digested with Alu I. Those samples that shared the same restriction pattern for two enzymes (or three if all enzymes used) were considered the same RFLP-type. To assign a taxonomic identification to EMF root tips, these patterns were compared to an ectomycorrhizal sporocarp restriction pattern database developed from sporocarps collected at this site and across Cedar Creek over the last 5 years (http://biosci.umn.edu/plantbio/faculty/ RFLP%20Web%20Database.htm).
Comparisons of results between years were not made since differences may reflect not only temporal changes in EMF populations but also differential amplification success. Success of DNA amplification was 55% (264 successes in 480 attempts) in 2000 and increased to 70% (384 in 551) in 2001 due to the improved method of DNA extraction and amplification. More than one PCR product per mycorrhizal tip amplified was identified in 21% and 23% of the cases in 2000 and 2001, respectively. Since these samples were also identified morphologically, their restriction patterns could be compared with morphologically similar samples run on the same gel. If comparison showed overlap in digest patterns, the two similar patterns were assumed to be from the same species and the additional, nonoverlap in bands was considered to be from other fungi in contact with the target mycorrhizal tip at time of sampling. If there was minimal overlap of pattern to other samples on the same gel, similarity to all other EMF RFLP patterns in our database was assessed using GERM and additional visual comparisons of RFLP patterns. If the RFLP patterns could not be clearly interpreted, the number of tips colonized by the EMF in question was assigned to a 'morphotype' group. RFLP patterns that were generated from samples with more than one PCR product and found only once (singletons) were not retained as unique RFLP types, thereby avoiding any spurious estimation of EMF species richness. This occurred once in 2000 and twice in 2001. Two of these were re-amplified and the other was merged into another type based on morphological similarity.
For a set of ectomycorrhizal root tips that did not match any sporocarps in the database and for tips that were matched to species that are not resolvable by conventional RFLP analysis (e.g. Cortinarius subg. Telamonia, Horton, 2002 and this study), the ITS region and/or a portion of the nuclear large subunit (LSU) rDNA was sequenced. PCR products were initially purified using a QIAquick PCR Purification Kit (QIAGEN Inc. Mississauga, Ontario, Canada) and then sequenced with an ABI Model 377 DNA Sequencer by the Advanced Genetic Analysis Center at the University of Minnesota. Where unambiguous sequences were not obtained, ITS1F-ITS4 fragments were cloned. The Invitrogen TOPO TA Cloning kit for sequencing (Invitrogen, Carlsbad, CA, USA) was used following the manufacturer's protocol. Sequences were obtained in both directions using primers ITS1-F and ITS4 for the ITS (Gardes & Bruns, 1996) and /or Ctb6 and Tw13 for the LSU (Taylor & Bruns, 1999) . Sequences were edited with Sequencher version 3.0 (GeneCodes Corp, Ann Arbor, MI, USA). Those with unknown relationships were initially compared with GenBank sequences by conducting BLAST searches. Similarity to sequences in GenBank was then used to assign a putative identification or aid in further phylogenetic analysis. Maximum likelihood and maximum parsimony were performed in  version 4.0b (Swofford, 2001) and Bayesian analyses in Mr Bayes version 3.0b4 (Huelsenbeck & Ronquist, 2001) .  alignments and phylogenetic trees were submitted to TreeBASE.
Statistical analyses
To examine how treatments affected soil and EMF, soil data and EMF abundance and diversity parameters from each treatment plot were averaged and examined as a completely randomized design with three treatments and three replicates per treatment. Treatments were compared by one-way  with Tukey-Kramer HSD for multiple comparisons and assumptions of normality tested using JMP software version 4.0 (SAS Institute Inc., Cary, NC, USA).
As indicators of the effect of increased N on the diversity of EMF, we examined species richness, evenness and two different diversity indices. Each root tip colonized by an EMF was counted as an individual although this is not a true measure of fungal individuals and makes our measure of evenness different from standard interpretations (Bruns, 1995; Dickie et al., 2002 ). Shannon's H′ (H′ = ) and Simpson's D (D = ) were used together to provide a more robust measure of the impact of the treatments on ectomycorrhizal diversity as they differ in their sensitivity to species richness and dominance (Peet, 1974) . Also, we measured the rate at which species accumulated in our sampling by constructing 'species-area' curves (i.e. species-sampling unit curves) for each treatment using PCOrd (McCune & Mefford, 1999) . Ninety-five percentage confidence intervals were used to determine if the accumulation of species among treatments were statistically different (Hughes et al., 2001 ).
In order to examine how fertilization affected the structure of EMF communities and to test if patterns of abundance (proportions of dominant and rare species in a community) were different across the treatments, the slopes of rankabundance curves were compared with analysis of covariance (Zar, 1996) using JMP software.
The effect of fertilization on below-ground ectomycorrhizal species composition was examined using nonmetric multidimensional scaling (NMS) and canonical correspondence analysis (CCA) using PCOrd, version 4 (McCune & Mefford, 1999) . Species abundances per sample were standardized by total abundance per sample. For NMS, Sorenson's (Bray-Curtis) distance measure was used to compare all samples using a maximum number of iterations of 400, an instability criterion of 0.00001, a starting number of six axes, 40 real runs and 50 randomized runs. For CCA, soil data including extractable Ca, K, Mg, Bray-P, inorganic N and nitrate were log transformed and Monte Carlo tests were run for 999 permutations. Outlier samples and species were identified using the outlier analysis available in PCOrd. Sorenson's (Bray-Curtis) distance measure was determined separately for samples and species and those with distances greater than two standard deviations from the mean were considered outliers.
Results
Effects of fertilization on soil nutrients and pH Fertilization created a gradient of N that lacked acidification, loss of base cations or P limitation (Table 1) . Extractable soil inorganic N concentration was significantly higher in the elevated N treatments. Net N mineralization increased from 2.43 g N m −2 in unfertilized plots to 3.78 g N m −2 at the highest fertilization level, and net nitrification increased from 1.81 to 5.54 g N m −2 (M. Norris, unpublished). The zero and 17 g N m −2 yr −1 treatments had similar pH while there was a significant increase in pH with the 5.4 g N m −2 yr −1 treatment. Levels of Bray P increased significantly when fertilized, but did not differ between the two levels of fertilization. The ratio of extractable N : Bray P was not significantly different across the treatments. Fertilized plots at both N levels had more soil cations relative to unfertilized plots. Both K and Ca increased significantly in comparison with the no fertilization treatment but did not differ between 5.4 and 17 g N m −2 yr −1 . Mg levels were significantly different among all treatments. However, the ratios of extractable N to these cations remained relatively constant across all treatments for all cations except for N : Mg between 5.4 and 17 g N m −2 yr −1 . treatment, four plant species had over 40% cover including Muhlenbergia racemosa Michaux, and Carex spp. However, 17 g N m −2 yr −1 plots had only one plant species with greater than 40% cover, M. racemosa which had the highest cover (66%) of any treatment. Ectomycorrhizal tree composition remained the same, though. Differences in bur and pin oak density and basal area were not significant (Table 1) .
Effects of fertilization on vegetation
(± standard error mean) soil pH, nutrients, and oak density and basal area measured in oak savanna plots receiving 0, 5.4, or 17 g N
EMF above-ground
Abundance, species richness, evenness and diversity A total of 554 EMF sporocarps from 59 species were found during the 3 yr of surveys. Several differences were notable across the fertilization treatments (Table 2) . Total sporocarp abundance tended to decrease with fertilization in 2000 and 2001 but not in 2002. Total sporocarp species richness was lower in plots receiving fertilization in all years. At the plot scale, species richness, evenness and Shannon and Simpson diversity indices were lower in both fertilization treatments but generally lowest with 17 g N m −2 yr −1 . Species frequency (number of encounters with a species when sporocarps of the same species were greater than 1 m apart) was also lower in both fertilization treatments (data not shown).
Structure and community composition EMF sporocarp abundance distributions were different across the fertilization treatments ( Fig. 1; Supplemental Material) . In the no fertilization treatment, sporocarp abundance was more evenly distributed across the community while in fertilized treatments the abundance was concentrated in fewer species. This results in significantly steeper rank-abundance curves in fertilized communities as determined by  ( Fig. 2a; F ratio = 21.7, P < 0.0001).
In addition to the differences in sporocarp abundance, the composition of the EMF community above-ground differed across the fertilization treatments. Several species had lower sporocarp production while others had higher production with fertilization (Fig. 1) . Within genera, sporocarp production generally declined in Amanita, Boletus, and Cortinarius spp. with increasing fertilization. Other genera such as Entoloma (F 2,6 = 0.35, P = 0.72), Lactarius (F 2,6 = 0.66, P = 0.55) were not affected or were enhanced (Russula; F 2,6 = 8.7, P = 0.02) by 17 g N m −2 yr −1 . Although as a whole Russula spp. increased with fertilization, species within the genus responded differently. R. aff. amoenolens consistently produced more sporocarps in the 17 g N m −2 yr −1 plots and dominated the fruiting of 17 g N m −2 yr −1 plots in all years (F 2,6 = 10.5, P = 0.01; Fig. 2b and Fig. 9 ; Supplemental Material). By contrast, other species such as R. brevipes and R. seperina were absent or rare, respectively, in 17 g N m −2 yr − 1 plots. Overall, though, when the contribution of R. aff. amoenolens was removed, abundance of Russula spp. in fertilized plots was slightly but not significantly (F 2,6 = 0.10, P = 0.9) lower than in unfertilized plots (Fig. 2b) .
EMF below-ground
Ectomycorrhizas In 2000 and 2001, 3960 root tips were morphotyped and over 800 were subjected to DNA analysis. Unambiguous RFLP patterns were determined 198 of 264 and 357 of 384 total RFLP patterns generated in 2000 and 2001, respectively. Seventy-two unique morphotype, RFLP, and/or sequence types were found ( Fig. 3 0.9 ± 0.0a 0.8 ± 0.1a 0.5 ± 0.3a 0.31* Shannon's H′ 2.6 ± 0.3a 1.9 ± 0.3ab 0.9 ± 0.4b 0.04 Simpson's D 0.9 ± 0.0a 0.8 ± 0.1a 0.5 ± 0.2a 0.11
Values with the same letter are not significantly different at P = 0.05 and d.f. = 2,6. 1 Total abundance is the total number of sporocarps collected per treatment over the indicated year.
2
Total species richness is the total number of species found as sporocarps per treatment. *Determined by Welch ANOVA testing for equal means with unequal variance. identified to at least genus with ITS sequence comparison and BLAST searches. The success of the molecular methods was similar for the preliminary 10 tips surveyed and the more thoroughly morphotyped 100 tips. Therefore, data for these separate samplings were pooled. Two groups of morphotype-RFLP types were sequenced intensively to examine their diversity more closely. Ectomycorrhizas with an RFLP type matching those of Cortinarius subg. Telamonia sporocarps collected at Cedar Creek were common in many samples. While this group is known to be species rich (Peintner et al., 2001) it is not resolvable to the species level by conventional RFLP analysis Horton, 2002 ; this study). Therefore, to gain a more accurate estimate of richness, sequences from most Cortinarius subg. Telamonia ectomycorrhizas and sporocarps collected were examined. Based on congruence between maximum parsimony, maximum likelihood and Bayesian analysis, this single RFLP type was estimated to contain at least six and, possibly, nine distinct taxa (Supplemental Material). For determination of richness, species area curves and diversity indices, we divided this single RFLP type into nine clades.
The second type of EMF intensively sequenced was similar to Sebacinoid mycorrhizas (Urban et al., 2003) . These EMF comprised about 5% of the total community and exhibited five unique RFLP patterns (Supplemental Material). Since this group was only recently shown to be mycorrhizal (Glen et al., 2002; Selosse et al., 2002; Urban et al., 2003) , this level of diversity was unexpected and warranted more detailed examination. Maximum parsimony and maximum likelihood with nonparametric bootstrap analysis suggest the samples in this group are quite diverse. In fact, our RFLP analysis may have underestimated this diversity as three RFLP types (4, 15 and 40) did not segregate by type (Fig. 4) . However, it was not clear if these differences reflect true species boundaries or unexpected intraspecific ITS heterogeneity (O'Donnel & Cigelnik, 1997; Horton, 2002) . Therefore, estimates of richness, species area curves and diversity indices in this group were based only on RFLP types.
EMF diversity
In 2000 and 2001, species area curves indicate that the rates at which species were observed with increased sampling were significantly lower in the 17 g N m −2 yr −1 treatment than in the unfertilized or the 5.4 g N m −2 yr −1 treatment (nonoverlapping 95% confidence intervals; not shown). However, no significant differences were detected in total EMF richness per treatment, mean EMF species richness, Shannon's H′, Simpson's D, nor evenness determined at the plot scale or at the focal tree scale in either year (Table 3) .
EMF community structure Abundance distributions (Fig. 3) and rank-abundance curves (not included) show that across all treatments, a few species dominated while many species were rare. Fertilization did not significantly impact the distribution of abundance of dominant or rare species as the slopes of the rank-abundance curves were not significantly different (in 2000, F ratio = 1.27, P = 0.29; in 2001 F ratio = 0.76, P = 0.47).
EMF community composition NMS ordination shows that EMF communities segregate relative to the fertilization treatment (Fig. 5a ). In general, EMF communities in the 17 g N m −2 yr A strong relationship between soil environment variables and ectomycorrhizal community composition was evident at the plot scale for 2001 in Fig. 5(b) . Plots receiving no fertilization were segregated from fertilized plots along CCA axis 1. This axis explained 23.3% of the variation in the species data set and had an eigenvalue of 0.487 whereas CCA axes 2 and 3 explained 13.7 and 12.1% of the variation, respectively. The vector for extractable nitrate was strongly correlated (r 2 = 0.66) to axis 1 and Monte Carlo permutations indicated a 
Fig. 4
Maximum parsimony tree of Sebacinoid ectomycorrhizal fungi (EMF) nuclear ITS1-5.8S-ITS2 sequences. One of two most parsimonious trees is shown and includes samples collected from the oak savanna as ectomycorrhizal roots (indicated by 'EMROOT' followed by sample identification number and RFLP type) and one sporocarp of Tremellodendron pallidum (followed by herbarium accession number and RFLP type). Sequences for other Sebacinoid EMF and the other Tremellodendron pallidum were obtained from GenBank and are followed by accession numbers. Nonparametric bootstrap support from 1000 replicates > 50% is shown. Sebacina vermifera was used as the outgroup. The analysis utilized 654 aligned positions of which 68 were parsimony informative. Maximum likelihood analysis conducted on the same data set produced a similar set of relationships. Arrows illustrate that RFLP types 4, 15, and 40 do not segregate into clades by RFLP type. significant difference in abundance across treatments (F 2,6 = 1.9, P = 0.23) while in 2001 it was significantly more abundant at the 5.4 g N m −2 yr −1 level (F 2,6 = 9.4, P = 0.01).
Discussion
Nitrogen vs fertilization effects This study is unique among those examining N addition in that across a steep N gradient maintained for 16 yr soil acidification, cation loss, and P limitation were not imposed. The differences in communities of EMF are therefore not attributable to these ancillary effects of N addition unlike other studies where the independent and indirect effects of N increase could not be distinguished (Lilleskov et al., 2001; Baxter et al., 1999) . However, this N gradient was established by a complete fertilization that raised levels of all nutrients. Differences in communities of EMF may therefore be hypothetically attributable to both N effects and total fertilization effects (all nutrients added). We believe, however, that N effects are most important in this experiment. At Cedar Creek, plant growth is limited by N availability, and not by any other major nutrient element ( Tilman, 1987) . Therefore, the association of host plants and EMF may be based on N supply. Since few differences in the ratios of extractable N to soil nutrients were detected between these treatments, limitation by nutrients other than N was largely controlled for and the most substantial difference imposed by these treatments was increased N supply. This interpretation is reinforced by other studies, wherein the addition of nutrients other than N was shown to have relatively minor impact on ectomycorrhizal communities as long as other nutrient imbalances were not imposed. Karen & Nylund (1996) showed that the effects of N-free fertilization including the combined addition of lime, P, Ca, K and Mg on ectomycorrhizal fungal communities in Norway spruce forests were minimal. Lehto (1994a,b) showed that increasing soil Ca levels by liming lowered the abundance and altered the species composition of ectomycorrhizal communities in Norway spruce forests. However, this effect was ameliorated when a more complete fertilization occurred (Lehto, 1994a) and was more related to differences in soil pH and ionic strength (Lehto, 1994b) , an imbalance not imposed in our study.
Several N effects stand out when comparisons are made between 5.4 and 17 g N m −2 yr −1 treatments. The communities of EMF colonizing roots in these fertilization treatments were different in species accumulation and species composition (Fig. 5a,b) . In part, these differences in composition are tied to the response of Russula spp., as there were large increases in the number of sporocarps and root colonization of R. aff. amoenolens with 17 g N m −2 yr −1 only.
Indirect and direct gradient analyses support our position that N effects are substantial in this study. N effects are clearly distinguished from total fertilization effects as both NMS and CCA ordinations showed that 17 g N m −2 yr −1 plots were distributed further from the other plots. Furthermore, CCA indicated that the distribution of 17 g N m −2 yr −1 plots was more strongly related to extractable nitrate rather than any other soil environmental variable included.
Comparison of N response of oak savanna EMF and conifer forest EMF Several parallels can be drawn between our study and those conducted in conifer forests. Ectomycorrhizal communities were less species rich above-ground and root colonization was dominated by different species after 16 yr of fertilization increased N availability. This is similar to the major responses in other N addition studies in coniferdominated forests experiencing atmospheric deposition or fertilization (Lilleskov et al., 2001 (Lilleskov et al., , 2002a Peter et al., 2001) . Together, these studies indicate that N supply level is a critical factor in sporocarp production and the colonization of roots by EMF in a range of terrestrial ecosystems.
As in other studies, there is a pronounced difference in the relative abundance of EMF species colonizing roots in plots receiving different levels of N. This suggests that N supply is central to the below-ground dynamics of oak savanna EMF. N is an essential nutrient for EMF (Smith & Read, 1997) but is spatially, temporally and chemically heterogeneous in soil (Robertson et al., 1988; Cain et al., 1999) . This may have selected EMF to evolve diverse N extraction and utilization traits and is consistent with culture experiments showing that different species of EMF have different growth responses to different forms and levels of N (Dickie et al., 1998; Eaton & Ayers, 2002; Lilleskov et al., 2002b) . Soils at Cedar Creek are N impoverished and, as in many terrestrial ecosystems, plant growth is limited by N supply (Tilman, 1987) . EMF capable of acquiring and trading N to plants under these low N conditions may be advantaged. As a result, EMF communities could be diverse with many species having unique N acquisition strategies. In savannas such as the one examined in this study, the high abundance and diversity of Cortinarius spp., a group known to acquire and utilize organic N Lilleskov et al., 2002b) under low N conditions, is thus not surprising.
Cenococcum geophilum, the most common EMF in this study, responded variably to fertilization. Studies in conifer forests also found C. geophilum either increased (Fransson et al., 2000, 2001) or was unaffected ( Jonsson et al., 2000) by N fertilization. It has also been shown to respond positively to increased pH (Lehto, 1994b) . If C. geophilum at Cedar Creek prefers higher pH, this suggests an explanation for its significantly greater abundance in 2001 in the 5.4 g N m −2 yr −1 treatment which had a significant increase in pH. By contrast, the high C. geophilum abundance in 2000 at all treatment levels may be related to drought resistance traits (LoBuglio, 1999 and references therein) as 2000 was a dry year. However, in a water addition study, C. geophilum at Cedar Creek did not increase in abundance under drought conditions (I. Dickie, unpublished). A major difference that distinguishes this study from those in conifer forests is the abundance of Russula spp., in particular R. aff. amoenolens, with high N supply. This result is difficult to interpret in light of recent studies where Russula spp. abundance was reduced by fertilization and atmospheric deposition (Lilleskov et al., 2001 (Lilleskov et al., , 2002a Peter et al., 2001) . It suggests some Russula spp. may benefit from high N supply when other factors caused by N addition such as soil acidification, cation loss or P limitation are not imposed. Alternatively, a unique interaction between Russula spp. and oaks or how they function in savanna ecosystems may explain the response of Russula spp. in this study.
The increased abundance above-and below-ground of Russula spp. and Lactarius spp. in this study parallels the response of several Lactarius spp. in conifer forests receiving increased N (e.g. Lilleskov et al., 2001 Lilleskov et al., , 2002a . Interestingly, Lactarius and Russula form a monophyletic group within the Russulaceae (Miller et al., 2001) . It would be intriguing if the mechanisms by which Lactarius increase were the same as those causing Russula increase. Perhaps certain lineages within Russulaceae have special adaptations that confer other benefits to host plants when N supply is high such as improving acquisition of phosphorus by producing oxalates (Kernaghan et al., 1997; Young et al., 2002) .
Below-ground EMF diversity and community structure
In both 2000 and 2001, fewer species overall were found colonizing roots in the 17 g N m −2 yr −1 treatment (Table 3 ) and species area curves were significantly higher in the zero or 5.4 g N m −2 yr −1 treatments indicating that fewer species are adapted to highly elevated N supply in this site. However, there were no differences in species richness, evenness or Shannon and Simpson diversity indices at either the scale of the treatment plot or the focal tree. Together, these data suggest that N addition affects the diversity of EMF at larger spatial scales. Although elevated N supply may decrease the number of species that can colonize roots across a landscape, smaller scale interactions such as competition for root tips may remain unchanged. This is consistent with Baxter et al. (1999) where overall fewer morphological types were found in more polluted oak stands but richness as determined per centimeter root was equal to that of less polluted oak stands.
Comparison of patterns in above-and below-ground EMF
The parallel increase in R. aff. amoenolens and decrease in Cortinarius spp. sporocarps and colonized root tips is exceptional. Typically, the patterns in EMF abundance observed above-ground do not correlate strongly with patterns observed below-ground (Gardes & Bruns, 1996) . Although only 19 EMF found below-ground produced RFLP patterns that matched RFLPs from sporocarps collected above-ground across Cedar Creek, the consistent response by these two dominant groups of EMF above-and below-ground implies N increase imposes significant consequences to the sexual reproduction and the carbohydrate acquisition of both of these groups of dominant EMF.
Other oak savanna EMF The communities of EMF in this oak savanna are comparatively diverse and share in common many taxa with other ecosystems. Tomentelloid and Sebacinoid fungi are notable and comprised 5-10% of the community ( Fig. 3 ; Supplemental Material). Representatives of each of these groups were collected as sporocarps (Tomentella cf. bryophila and Tremellodendron pallidum, respectively) but were most often found as EMF on roots. As far as we know, this is the first report of Sebacinoid fungi associating with oaks in North America. However, as we illustrate in Fig. 4 , the true diversity of this intriguing group at this site remains unclear.
Plant community effects Plant responses to fertilization could contribute to the responses of EMF. However, we consider shifts in above-ground plant community composition to be of little consequence here. The density of EMF host plants remained constant across the treatments and therefore the response of EMF in fertilized plots was not due to lost or alternative host plant associates. Although understory vegetation shifted dramatically with fertilization, this likely had little impact on sporocarp production as R. aff. amoenolens and many saprobic fungi produced sporocarps in the plots with nitrophilic understory vegetation.
Conclusion
In this oak savanna, increased N supply decreased the diversity and shifted the composition of ectomycorrhizal fungal communities. Therefore, our study illustrates that N increase can alter the diversity and composition of ectomycorrhizal communities in temperate deciduous ecosystems. Determining how abiotic and biotic impacts of increased N supply differ among a range of ectomycorrhizal interactions and how they affect ectomycorrhizal function is central to future investigation. 
Supplemental Material
The following material is available to download from http:// www.blackwellpublishing.com/products/journals/suppmat/ NPH/NPH865/NPH865sm.htm Fig. S1 A maximum parsimony tree of Cortinarius subg. Telamonia nuclear ITS1-5.8S-ITS2 sequences. One of 94 most parsimonious trees is shown and includes samples collected from the oak savanna as ectomycorrhizal roots [labels indicate year, treatment plot (1-9) and focal tree followed by 'EMROOT'] and sporocarps (collection number followed by 'SPOROCARP'). Sequences for other Cortinarius spp. were obtained from GenBank and are followed by accession number. Cedar Creek clades are indicated by number to the right. Nonparametric bootstrap support from 1000 replicates > 50% is shown. Cortinarius californicus was used as the outgroup as it was determined to be basal to this lineage in a broader examination of this group (Peintner et al., 2001) . The analysis utilized 701 aligned positions of which 142 were parsimony informative. Maximum likelihood and Bayesian analysis conducted on the same data set produced the same clades. Resolution of higher taxonomic relationships in the Telamonia subgenus was not an objective of this study and not attempted.
